Introduction
For a long time, natural products have played an important role in drug discovery, since they and their derivatives have been sources of several important therapeutic agents (Koehn and Carter, 2005) . Natural products and their derivatives continue to play a significant role in drug discovery (Cragg and Newman, 2013) . In order to amplify the chances of finding new drugs, strategies are needed to obtain new natural products and their derivatives. There are several approaches to diversify the structures of natural products, one of which is precursor-directed biosynthesis (PDB) . PDB is the derivatization of a natural product by feeding biosynthetic precursor analogues to the fermentation broth of the producer organisms (Thiericke and Rohr, 1993) . This technique is an efficient and easy method in which addition of biosynthetic precursor analogues to the growth medium allows the production of modified metabolites exclusively by microorganisms and their biosynthetic machinery (Thiericke and Rohr, 1993) . This procedure has been successfully applied to the industrial production of antibiotics such as penicillin (Halliday and Arnstein, 1956) .
The literature presents some interesting examples of PDB such as the production of derivatives of the antibiotic pacidamycin, which acts specifically against Pseudomonas aeruginosa and displays a very narrow spectrum of antibacterial activity. Tryptophan analogues (substituted with chloro, bromo, and methyl groups) were incorporated by Streptomyces coeruleorubidus, opening possibilities to obtain new pacidamycins (Grüschow et al., 2009) . Cyclohexadepsipeptides can also be produced by PDB experiments. A study was conducted using the fungus Paecilomyces tenuipes BCC 1614 in which the culture medium was supplemented with four isomers of isoleucine to produce unnatural derivatives; all three positions in beauvericin were equally replaced with the precursors (Nilanonta et al., 2002) . The filamentous fungus Beauveria bassiana ATCC 7159 was also used to obtain analogues of beauvericin. Appropriate strategies of feeding analogues of D-2-hydroxyisovalerate and L-phenylalanine led to the biosynthesis of novel compounds, some with improved cytotoxicity (Xu et al., 2007) .
Endophytic fungi, microorganisms that live within plant tissues without causing diseases, have been recognized as prolific producers of novel and bioactive secondary metabolites (Borges et al., 2009) . The endophytic fungus Fusarium oxysporum SS46, isolated from the host plant Smallanthus sonchifolius (Gallo et al., 2009) , is a producer of the cyclohexadepsipeptide beauvericin (Nascimento et al., 2012) . Beauvericin has antibiotic, antifungal, insecticidal, antimycobacterial, antiplasmodial, and nematicidal properties, and also inhibits angiogenesis, cell migration, and cancer cell proliferation (Xu et al., 2007; Zhan et al., 2007; Zhang et al., 2007; Xu et al., 2009; Shimada et al., 2010) . Recently, beauvericin displayed promising activity against Leishmania braziliensis (Nascimento et al., 2012) . Thus, this compound has interesting pharmacological properties that suggest its potential as a candidate for drug development (Tedjiotsop Feudjio et al., 2010) . Herein we describe the beauvericin production by F. oxysporum SS46, as well as the PDB experiments by feeding amino acid precursor analogues into the cultures that led to the production of twelve beauvericin analogues analyzed by matrix-assisted laser desorption ionization -time-of-flight mass spectrometry (MALDI-TOF/TOF): three beauvericin analogues (2) (3) (4) previously described in the literature (Xu et al., 2007) and nine new beauvericin analogues (5-13). 
Material and methods

Reagents
DL-3-fluorophenylalanine (DL-3-FPA), L-3-fluorophenylalanine (L-3-FPA), L-4-fluorophenylalanine (L-4-FPA), L-4-chlorophe- nylalanine (L-4-ClPA), L-4-bromophenylalanine (L-4-BrPA), DL-4-bromophenylalanine (DL-4-BrPA), L-4-nitrophenylalanine (L-4-NOPA), L-4-aminophenylalanine (L-4-NHPA), L-tyrosine (L-
Endophytic microorganism and PDB experiments
In the microbial collection of the laboratory of Professor Mônica T. Pupo, the endophytic fungus Fusarium oxysporum SS46 was maintained in sterile water according to the Castellani method (Castellani, 1939) . F. oxysporum SS46 was inoculated onto potato dextrose agar in Petri dishes and incubated at 30°C for 12 days. After this period, three agar plugs (0.5 cm diameter) were cut and inoculated in 10 ml of seed medium (each in 50 ml Falcon flasks, supplemented with 0.5% tryptone, 1.0% dextrose, 0.3% yeast extract, 1.0% malt extract, pH adjusted to 6.2 ± 0.2 with 1M HCl), and the precultures were maintained at 120 rpm and 30°C for 7 days. Later, 20 ml of pre-culture was transferred to 500 ml flasks, each containing 180 ml of Czapek medium (3% sucrose; 0.2% NaNO 3 ; 0.1% K 2 HPO 4 ; 0.05% MgSO 4 .7H 2 O; 0.05% KCl; 0.001% FeSO 4 .7H 2 O, pH adjusted to 6.2 ± 0.2 with 1M HCl), and the cultures were maintained at 120 rpm and 30ºC for variable times ranging between 5 and 29 days. A control experiment, one without addition of the fungus, was conducted to obtain extracts from the culture medium. In order to ensure that the concentrations of the precursor analogues used in PDB experiments would be innocuous to the microorganism, the toxicity of the substrates was first evalutated by growing F. oxysporum on microdilution plates containing serial dilutions of the precursor analogues (32 mM; 16 mM; 8 mM; 4 mM; 2 mM; 1 mM; 0.5 mM; 0.25 mM; 0.125 mM; 0.0625 mM; 0.03125 mM; and 0.015625 mM). For the PDB experiments, culture conditions were the same as described above, but after the first 24 hours of fermentation, stock solutions of the precursors, prepared in sterile water and adjusted to pH 9 with 0.1M NaOH, were added to the cultures in variable concentrations (0.0625-8 mM). Cultivation was continued for additional 20 days to reach the best time of beauvericin production. Table 1 shows the analogues used and their concentrations in the cultures at the beginning of fungal fermentation.
Extraction and analyses by HPLC and MALDI-TOF/TOF
On days 5, 9, 13, 17, 21, 25, and 29 of culture, two flasks were extracted yielding duplicate fungal extracts. About 200 ml of ethanol were added to each culture flask and the mixture was stirred. After 24 h, the resulting suspension was filtered through filter paper in a Büchner funnel and extracted with ethyl acetate (3 × 400 ml). The organic phases were combined and concentrated under reduced pressure to obtain crude extracts from the culture medium. The resulting mycelia were extracted with 300 ml of methanol for 48 h to yield the crude mycelial extracts. The production of natural beauvericin was analyzed by high performance liquid chromatography coupled with a photodiode array detector (HPLC-PDA), by comparison with a previously isolated beauvericin standard (Nascimento et al., 2012) . HPLC analyses were carried out by a Shimadzu ® HPLC with LC-6AD pumps, a SCL-10AVP system controller, a diode array detector UV/VIS SPD-M10AVP and RID-10A, SIL-10AF autosampler, and Class VP software. The mass of beauvericin in the crude extracts was calculated from a standard calibration curve (Peak Area=35238*(Concentration)+214360 and R 2 =1). Standard solutions of beauvericin were prepared in acetonitrile (ACN) (60, 180, 300, 420, and 540 µg/ml), and injected in triplicate. The analyses were carried out using a CLC-ODS (C-18) column, isocratic mobile phase ACN:H 2 O (85:15 v/v), 1.0 ml min -1 flow rate and detection at 225 nm. The detection of natural and unnatural beauvericin from PDB experiments was monitored by a MALDI-TOF/TOF instrument (Bruker Daltonics, Bremen, Germany) using the reflectron and positive modes. For external calibration, a mixture of standard peptides was used, and the beauvericin produced was the internal calibrant. Instrument settings were: pulsed ion extraction 120 ns and laser frequency 1000 Hz. The matrix used was 2,5-dihydroxybenzoic acid at 20 mg/ml (in 30% acetonitrile and 70% water with 0.1% trifluoroacetic acid) concentration.
Results and discussion
In order to follow the production of beauvericin, the fermentative cultures were monitored from day 5 through day 29 of culture to determine the time of highest production of beauvericin. HPLC-PDA analyses showed that the highest level of beauvericin production was found on day 21 (Fig. 1) , reaching a concentration of 444.5 mg/l in the crude extracts. The establishment of the best time to obtain higher levels of beauvericin was required for further PDB experiments, which were carried out for 21 days. Through serial dilutions of the precursor analogues, it was possible to determine the concentrations of the substrates that were not toxic to F. oxysporum. These concentrations are described in Table 1 and were used to carry out the PDB experiments.
To evaluate which precursor analogues were incorporated by F. oxysporum, all extracts obtained in the PDB experiments were directly analyzed by MALDI-TOF/TOF. MALDI is a soft ionization technique widely used to analyze proteins, oligosaccharides, oligonucleotides, and polymers (Karas et al., 1985; 1987) . However, MALDI has been recently used to analyze compounds of low molecular weight (< 800 Da), but this is still a great challenge (Cohen and Gusev, 2002) . The most important advantages of MALDI are the high sensitivity, an unnecessary clean-up process for some samples, and main suppression effects of ionization that are less intense compared with electrospray ionization (Greis et al., 2006) .
A
n a l y s e s b y M A L D I -T O F / T O F s h o w e d t h a t t h e supplementation of F. oxysporum with L-4-BrPA, DL-4-
BrPA, L-4-ClPA, and L-4-NHPA (Figs. S11-S13; S14-S16; S17-S20; and S23-S26 in the Supporting Information) afforded compounds 8-10, with replacement of one L-phenylalanine residue in beauvericin (Table 1 ). The incorporation of L-3-FPA, DL-3-FPA, and L-4-FPA by the fungus was very efficient Table 1 Precursor analogues used for PDB experiments and the ions observed at the mass spectra.
and yielded compounds 2-7, showing that these precursors were recognized by fungal enzymes replacing one, two, or all three L-phenylalanine residues in beauvericin. The supplementation with L-Tyr also led to replacement of all three L-phenylalanine residues in beauvericin, producing compounds 11-13.
nitrophenylalanine and L-histidine (L-His) were not incorporated by the microorganism, probably due to a defective enzymatic recognition of these precursors by the NRPS. Therefore, our data support that the NRPS modules were able to replace the three L-phenylalanine residues in the beauvericin scaffold with the unnatural precursors L-4FPA, DL-3-FPA, L-3-FPA, and L-Tyr.
In conclusion, we describe beauvericin production by F. oxysporum SS46 and PDB experiments, in which amino acid precursor analogues were added to cultures of F. oxysporum, generating twelve beauvericin analogs: three known beauvericin analogues (2) (3) (4) previously produced by the fungus Beauveria bassiana (Xu et al., 2007) and nine new unnatural beauvericin analogues (5-13), all of which were analyzed by MALDI-TOF/TOF. Therefore, precursor-directed biosynthesis strategy could provide an opportunity to rationally design a broad variety of new molecules and to improve their pharmacological properties with lower toxicity and higher therapeutic effects.
Beauvericins are biosynthesized in a process of stepwise condensations by nonribosomal peptide synthetases (NRPS) through the continuous use of their modules (Xu et al., 2008) . It seems that NRPS of F. oxysporum tolerate a variety of substitutions on the benzene ring of phenylalanine, especially fluorine analogues, as molecular recognition is probably due to the hydrogen and fluorine bioisosterism. Moreover, the presence of sodium and potassium adduct ions was notable, since the chemical scaffold of beauvericin is able to form complexes with different metal ions instead of proton interactions (Lopes et al., 2002) .
The incorporation of the precursor analogues DL-3-FPA, L-3-FPA, L-4-BrPA, and DL-4-BrPA into beauvericin was found only in the extracts of culture supernatants, while L-4-FPA, L-4-ClPA, L-4-NHPA, and L-Tyr were present in both liquid broth and mycelia extracts. The analogues L-4-
